Abstract-Multiple-input multiple-output (MIMO) techniques are applied to ultrawideband (UWB) systems to achieve highrate communications over indoor wireless channels. The receiver employs a zero-forcing (ZF) scheme to separate N parallel transmitted data streams for each resolvable multipath component. A RAKE is then applied to combine the ZF paths carrying information of the same symbol to form the decision variable. Analytical error rate expression of an (N, M, L) system (N transmit antennas, M receive antennas, and L paths combined) over a pragmatic indoor log-normal fading channel is derived, which captures the diversity order by a single degree-of-freedom parameter.
I. INTRODUCTION
U LTRA-WIDEBAND (UWB) [1] - [8] has attracted significant academic and commercial interest because of its capability to overlay spectrum with legacy narrowband radios and its potential to deliver high data rates over short distances. A widely used UWB scheme is pulse based, which employs short-duration low-duty-cycle pulses to transmit information. However, the transmission rate of such signaling is limited by the channel excess delay in order to avoid excessive intersymbol interference (ISI). In addition, the low transmission power limits the system RF range.
Multiple antennas have been used in the reverse link of mobile communication systems to suppress or cancel interference [9] , [10] and to achieve transmit or receive diversity. Multipleinput multiple-output (MIMO) systems [11] - [13] use multiple antennas at both ends of the wireless link and have been shown to provide high spectral efficiencies. MIMO techniques can be applied to UWB systems to extend system RF range through spatial diversity, to increase throughput that is limited by the channel excess delay through spatial multiplexing, and to cancel potential narrowband interference. Existing research on MIMO systems has focused mostly on detection, performance analysis, and theoretical capacity in frequency-nonselective Rayleigh fading environments. In [14] , performance of UWB MIMO systems over Rayleigh fading channels with additive white Gaussian noise (AWGN) was studied by simulations. In [15] , a UWB multiple-antenna transceiver architecture was suggested for fourth-generation wireless LAN systems. In [16] , the bit error rate (BER) of a UWB system employing pulse-position modulation (PPM) was studied using an array model [17] . Major applications of UWB are likely to be for indoor environments for which the channel amplitude exhibits log-normal fading [18] , [19] rather than the well-addressed Rayleigh fading. It is a meaningful yet nontrivial task to find an analytical approach to deal with log-normal fading, which has not been addressed in the literature. There is a need to investigate UWB MIMO systems in pragmatic indoor wireless environments. In this paper, the analytical error performance of MIMO systems over highly frequency-selective UWB log-normal fading channels is analyzed. A zero-forcing (ZF) scheme is used to separate the spatially multiplexed data on a path-by-path basis. Then, a temporal RAKE receiver employing maximal ratio combining (MRC) is applied to the ZF paths to form the decision statistics. The rest of the paper is organized as follows. The UWB MIMO system model is given in Section II. Receiver performance is analyzed in Section IV. In Section V, we provide numerical results, followed by concluding remarks in Section VI.
II. SYSTEM MODEL

A. Transmitted Signal
Consider a communication system consisting of N transmit and M receive antennas that operates over a UWB channel. Input data are serial-to-parallel converted into N streams without space-time encoding. Each of the N streams of symbols is then used to modulate (the pulse amplitude of) a short-duration UWB pulse. Finally, the N streams of waveforms are distributed to N transmit antennas for simultaneous transmission. Each receive antenna responds to each transmit antenna through statistically independent fading processes. The received signals are further corrupted by AWGN that is statistically independent among the M receiver antennas and across different symbol periods as well as different resolvable paths of the same symbol. The transmitted PAM signal from the nth transmit antenna is expressed as
where s n (k) is the kth information symbol 1 from the nth transmit antenna, E s is the energy of the basic pulse p(t) or equivalently the average energy per symbol, and T r is the pulse repetition interval (PRI). The unit energy UWB pulse p(t)( ∞ −∞ p 2 (t)dt = 1) has a very narrow nonzero time support T p T r , resulting in low duty cycle transmission. To avoid severe ISI, 2 T r must be sufficiently large compared with the channel delay spread experienced.
B. Received Signal
Pulse-based UWB signaling gives rise to highly frequencyselective channels. Thus, the energy of the received signal is scattered over a number of resolvable multipath components. Adopting the statistical channel model in this paper, we describe the channel impulse response as [3] , [18] , [20] 
where L r is the total number of resolvable multipath components, δ(t) is the Dirac delta function, T p is the minimum multipath resolution, and h(l) represents the fading coefficient of the lth resolvable path whose magnitude follows a log-normal distribution. The minimum multipath resolution T p is equal to the duration of p(t), as any two paths whose relative delay is less than the pulse duration are not resolvable. The channel fading coefficient h(l) can be modeled as [19] 
where α(l) is the log-normal fading magnitude term and ε(l) ∈ {−1, 1} with equal probability represents the random pulsephase inversion that may occur due to reflection [19] . The average power of path l is represented by E{|h(l)| 2 } = Ω 0 e −ρl , where E{·} denotes expectation, Ω 0 is a scalar for normalizing the power contained in resolvable paths, and ρ is the power decay factor.
Practical values of L r depend on the rms delay spread of the channel τ rms , multipath resolution, and the range of attenuation from the statistically strongest path to the weakest path considered. In [19] , it was reported that with τ rms = 25 ns and T p = 0.167 ns, the average number of resolvable paths (within a 10-dB range) is about L r = 41.
To maintain reasonable system complexity, however, it is impractical to combine all resolvable paths. Thus, it is assumed in the rest of this paper that only a subset of L(L ≤ L r ) resolvable paths will be exploited by the receiver for symbol detection. Signals from each transmit antenna go through the multipath channel modeled by (2) , resulting in multiple delayed and independently faded copies of the same signal aggregated at the receiver. The received signal r m (t) at the mth receive antenna m = 1, . . . , M is a sum of signals from all N transmit antennas expressed as
where h mn (l) represents the fading coefficient of the lth path for the signal from the nth transmit antenna to the mth receive antenna, ν m (t) is a real zero-mean white Gaussian noise process with a two-sided power spectral density of N 0 /2, and x n (t) was given in (1).
The receiver consists of a matched filter matched to the UWB pulse p(t) and then sampled at each path interval. The output of the matched filter is processed by an array processing unit to separate signals from N transmit antennas on a path-by-path basis. A RAKE receiver is then used to combine the ZF paths carrying information of the same symbol and form the decision statistics for a symbol-by-symbol detection.
Mathematical models for such a detection procedure can be briefly described as follows. Over each symbol period, N symbols are sent over N transmit antennas to form an
T . Corresponding to the lth propagation path, the received M × 1 spatial signal vector at the matched filter output r(l) is represented by
where [·] T denotes transpose. Within r(l), the received noise vector across M receive antennas ν(l) is expressed as
For the lth delayed path, the discrete-time channel gains among all pairs of transmit receive antennas can be organized into an
where
T . Based on the channel model in (2), there is no interpath interference for data from the same transmit antenna. Thus, the received signal can be modeled on a path-by-path basis. Assuming perfect timing and synchronization, the received spatial signal vector r(l) in (4) can now be written in a vectormatrix form as where the noise vector ν(l) is independent of channel fading processes. When more realistic timing and synchronization are considered [7] , [8] , (7) needs modifications, but the mathematical structure of this paper is still valid. When per-path pulse distortion is included in the channel model [4] , [5] , a generalized version of the RAKE structure can be used. In the generalized RAKE, the receiver consists of a matched filter matched to the distorted UWB pulse of the lth path and the mathematical model given in (7) still has the same form.
III. DETECTION
For spatial processing, the ZF scheme is adopted in this paper to separate data streams from N transmit antennas on a pathby-path basis. Performance of the ZF scheme approaches that of the minimum mean square error (MMSE) scheme at high signal-to-noise ratios [9] , and it is convenient to analyze the ZF structure. In the ZF receiver, the received signal vector in (7) is premultiplied by H(l) + , where (·) + denotes the pseudoinverse. Thus, the ZF N × 1 signal vector y(l) for the lth path of a particular symbol can be written as
where ξ(l) = H(l) + ν(l) is the zero-mean noise vector. The instantaneous noise power (conditioned on a fixed realization of channel coefficients) on the lth path of the nth data stream is obtained as
+H nn where (·) H denotes conjugate transpose 4 and [·] nn represents the (n, n)th element of a matrix. If H(l) H H(l) is a full rank matrix, 5 the relation can be easily obtained as
For notational simplicity, let us introduce a new variable
It was shown in [9] that κ n (l)
where h n (l) was defined in (6) and G(l) is an M × M positive semidefinite Hermitian matrix formed from h 1 (l), . . . ,
, and thus is independent of h n (l). For example, with N = 2 and n = 1, G(l) is determined to be
T , where I 2 is the 2 × 2 identify matrix.
Mathematically, it is possible to detect the transmitted signal s from the spatial-processed received signal in (8) that corresponds to a single path in any chip interval. However, for better performance, the receiver should temporally combine the signal energy contained in many resolvable paths corresponding to a particular symbol. From (8), we collect the ZF signal elements from all L paths carrying the same symbol of the nth data stream and write them in an L × 1 temporal vector as
The decision variable for a symbol from the nth transmit antenna can be obtained by combining the L elements of y n . The MRC output for a particular symbol of the nth transmitted data stream is expressed as a single decision variable of the form
IV. ERROR PERFORMANCE While the model in Section II applies to a general PAM system, our performance analysis will focus on the binary PAM scheme. Correspondingly, the average symbol energy E s will be replaced by the bit energy E b in the following analysis. The performance results can be easily extended to a general PAM scheme. Let us examine the error behavior of the transmitted bit s n . For notational simplicity, the subscript n indexing the nth data stream for some variables (e.g., in κ n (l) and h n (l)) will be omitted whenever it does not cause a confusion. Notice that with polar PAM signaling and the channel model adopted, both the signal component and the noise component are real valued. For a fixed set of {κ(l)}, or equivalently a fixed realization of channel coefficients {H(l)}, the instantaneous SNR γ p of the decision variable in (13) can be written as
The conditional BER expression conditioned on a fixed set of channel coefficients is given as
In order to derive the average BER, we need the probability density function (pdf) of γ p . Substituting (11) into (14) yields
where γ 0 = 2E b /N 0 . Let us form an LM × LM matrix G and an LM × 1 vector h as
T T (17) where
The instantaneous SNR γ p can now be written in quadratic form as
where G, being a Hermitian matrix, can be diagonalized in the form [21] 
Here, U is a unitary matrix (i.e., U U H = U H U = I LM ) and
is a diagonal matrix whose diagonal elements λ 1 , . . . , λ LM are the eigenvalues of matrix G. Therefore, γ p can be expressed as a diagonal Hermitian form with independent variates as
Since elements of the zero-mean vector h are independent of elements of G, f is obviously also a zero-mean vector. The key in evaluating the analytical performance of a MIMO UWB system is to derive the statistics of f , which is difficult to obtain for a log-normal fading channel. For practical implementation constraints, the number of paths to be combined (L) is typically small (e.g., less than 10). Hence, among all paths combined by the MRC, the average power of the weakest path is approximately equal to the average power of the strongest path. To simplify the analysis, we assume that all L paths combined by the receiver have equal power (i.e., ρ = 0) and Ω 0 = 1.
, and each element of f is a linear combination of zero-mean, independent, and identically distributed random variables (i.e., elements of h) with the combining weights determined by the unitary matrix U . Although this key observation is deduced based on the equal-power assumption for different paths, it also holds true for practical UWB indoor channels. As a visual proof, Fig. 1 compares the simulated histogram of an element of f with the pdf of a zero-mean unit-variance Gaussian random variable for L = 2, M = 3 (LM = 6) and a typical standard deviation of 5 dB for 20 log 10 α(l) across l = 0, . . . , L − 1. It can be seen from this figure that f can be indeed modeled as zero mean Gaussian. As the LM value increases (LM > 6), the approximation is even more accurate. Therefore, f will be treated as a Gaussian vector with a mean µ f = 0 LM ×1 and a covariance matrix R f = I LM , where 0 is a vector with all zero elements. Clearly, with such an approximation on the pdf of f , γ p is equal to a weighted (by the eigenvalues of G) sum of independent central chi-square variables, yielding
where f i , i = 1, . . . , LM, are zero-mean unit-variance Gaussian random variables.
Because the matrix G depends on the channel fading coefficients, one would expect that its eigenvalues, λ i , i = 1, · · · , LM, are random and thus difficult to obtain analytically. It was shown in [9] 
With (24), (23) reduces to N (0, 1) , the variable γ p is a central chi-square distributed random variable with d degrees of freedom and has a pdf expressed as [22] 
where Γ(·) is the gamma function defined as Because γ p = γ 0 γ p , the conditional probability of error P (γ p ) in (15) is also a function of γ p . The average BER in a lognormal fading channel can be computed by averaging P (γ p ) over p(γ p ) as
This BER expression captures any MIMO structure (M, N, L) by a single degree-of-freedom parameter d, which is exactly the diversity order of the corresponding MIMO system. In its simple form, (26) asymptotically approaches the error performance of an optimum UWB MIMO receiver in the high SNR region.
V. NUMERICAL RESULTS AND DISCUSSION
As in Section IV, the binary PAM scheme is considered and a 5-dB standard deviation of the channel fading magnitudes is applied in all simulation tests. The average power of the path with index l = 0 is assumed to be normalized to unity (i.e., Ω 0 = 1).
For the general case that
The log-normal fading amplitude α(l) is generated as follows. First, α(l) is expressed as α(l) = e θ(l) , where θ(l) is a Gaussian random variable with mean µ θ(l) and variance σ 2 θ (independent of l). The kth moment of α(l) is given as In all simulations, detection of s n follows exactly the processing given in (7), (8) , and (13) . For a MIMO system with (M, N ) = (4, 3), the analytical and simulated (with markers) curves of the BER P b versus bit SNR γ b are shown in Fig. 2 for various numbers of paths combined by the receiver. In general, the analytical error rates match well the simulated error rates for the set of parameters chosen, although they appear to be slightly worse than the simulated ones. This is caused by approximating f as a Gaussian random vector as in (22) . When σ x and LM are small (e.g., LM < 6), the analytical BER values become inaccurate. Fig. 3 shows the BER versus the number of receive antennas M with N = 3 and L = 4. By examining the slopes of the BER curves, we found that increasing the number of receive antennas M increases the diversity order of the receiver. It is also found that the analytical BER curves for (M, N, L) = (3, 3, 4) and (M, N, L) = (4, 3, 2) are almost the same. This is because that with ρ = 0, the diversity order (L(M − N + 1)) for these two cases is exactly the same. Thus, with the definition of bit SNR γ b adopted in this paper, it should yield the same performance.
In the analytical performance evaluation, the power decay factor ρ = 0 has been assumed. To justify this assumption, simulated BER versus average SNR per bit γ b with different ρ values is shown in Fig. 4 for parameters (M, N, L) = (4, 3, 4) . A typical value of ρ is obtained to be around 0.056 for a UWB channel with a path resolution T p = 0.2 ns and a delay spread τ rms = 25 ns. From Fig. 4 , it is shown that the system works slightly better over a channel with ρ = 0 than one with ρ = 0.1. This is because that with ρ = 0 all paths have equal average power, whereas with ρ = 0.1 these paths have different average powers. It should be pointed out that the analytical performance with the approximation of ρ = 0 becomes more optimistic when the number of paths combined (L) increases. However, combining more than a few paths may significantly increase the receiver complexity. Thus, the analytical performance results can be applied for most practical scenarios.
VI. CONCLUSION
Analysis of the error performance of an UWB MIMO antenna system over indoor log-normal fading channels has been provided. The receiver consists of a ZF spatial unit that operates on a path-by-path basis and a RAKE temporal combiner that captures L ZF paths. The probability of error is derived, which is expressed as a function of E b /N 0 , the number of transmit and receive antennas, and the number of resolvable paths combined. The analytical error rate expressions can be used to predict the performance of most pulse-based UWB MIMO systems with practical system parameters. It has been observed that under some channel conditions, an (N, M, L) UWB system with M ≥ N provides an N -fold throughput of a singleantenna UWB system and at the same time a diversity order of L(M − N + 1) is achieved for each data stream when LM is large.
